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Science Highlights



Today 14 hillion years
Life on earth : »
Acceleration - :
Dark energy dominate
Solar system form

Star formation peak -
Galaxy formation era\
Earliest visible galaxie
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Recombination Atoms form
Relic radiation decouples (CMB)

K
Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created — D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

The Cosmic Frontier seeks to understand the fundamental physics
1TeV that governs the behavior of the Universe and its constituents.

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition |
Electroweak and strong nuclear -
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down §
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Dark Matter

The space of dark matter models
encompasses a dizzying array of
possibilities, representing many orders of
mass and couplings.

Dark Matter Mass
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axion-like particles /
scalar-vector light DM

tions, dark radiation, light
secluded dark sectors
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bosons

fermions
wave-like DM particle-like DM

dark sectors
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0CD Ax Little Higgs
xions

Aaron Chou, Thursday



Dark Matter

Dark Matter Mass But we have a plan!
zeV aeV feV peV neV pueV meV eV keV MeV GeV TeV PeV

‘Delve Deep, Search Wide’

employs a range of direct searches

for WIMPs interacting with targets
on Earth, indirect searches for

annihilation products, and cosmic
probes based on structure, to

scalar-vector light DM scrutinize priority targets such as
WIMPs and QCD axions, while

.............. :
secluded dark sectors broadly scanning parameter space,

-~ boson$ —m™M8 — M leaving no stone unturned.
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axion-like particles /

macroscopic DM /
compact objects

dark sectors
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Aaron Chou, Thursday



Dark Matter

Dark Matter Mass ' ' /19/

V V feV V V uev V eV keV MeV GeV TeV PeV 10M . .
A AN b AN MMl The next |0 years, including future

Generation 3 direct searches for
WIMPs and axions, combined with
future indirect observatories, a
program of smaller scale searches,
and key inputs from cosmic probes,
results in broad coverage.
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lons, dark radiation, lig

“Interaction Strength”

dark sectors

.. OF transformational
discoveries!
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fermions Aaron Chou, Thursday
wave-like DM particle-like DM Tracy Slatyer, Risa Wechsler, Tuesday



Cosmological
Probes

Thanks to investments
recommended by the previous
P5, the next decade will be a
golden age for cosmological
data, able to inform the deepest
mysteries of fundamental
physics.

Cosmic expansion history
Cosmic Microwave Background
Growth of Structure
Gravitational Waves




Cosmological

Present Scientific
Generation Threshold

SPO/ SO
0.003

f

£ local Blanck exclude the natural
N E models of inflaiton

|

Inflation

A,
primordial P laNCK 0.01 exclude simple multifield
features <«

inflationary non-Gaussianity

Current observations have revealed key properties of the
SOISPO g8 P2 sonifcant portion of Universe and its fundamental constituents. But there is still
much left to learn.
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<— rule out new light relics

eBOSS/DES to QCD phase transition
Z1%,DE 0.9

I

<«— rule out new light relices
to reheating

test dark energy to 1% over

0 LIGO + Virgo ,
GW w <—— the dynamically relevant

redshift range

explore a signifcant portion of Marcelle Soares-Santos
uncharted discovery space Thursday
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Cosmological

Present Ready This Scientific

Generation Decade Threshold ‘Sea I‘Ch Wide, A| m H |gh’

r SPO/ SO
0.003
CMB-S4 .
- T 00005 op— The near term future will be

N models of inflaiton .
collecting the data from DESI,
{;\fm\“"’d‘a' exclude simple multifield Completlng and exeCUtlng

BERle Rl  Rubin/LSST, and constructing
CMB-54, currently on track

Inflation

explore a signifcant portion of

of cosmic inflation and search

explore a signifcant portion of Marcelle Soares-Santos

uncharted discovery space for neW PhYSiCS. Thursday
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Cosmological
Probes

Present Ready This Pathfinder and
Generation Decade Development

SPO/ SO
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Scientific
Threshold

exclude the natural

models of inflaiton LOngeI" tel”'m PI"IOI"ItIeS are
the roadmap to a future
exclude simple multifie " th
inﬂelxticci)nary2|on-Ga:tjssiLdnity Stagev SPECtrOSCOPIC FaCIIIt),’
and small projects and
o ancovers space pathfinders toward new

opportunities such as
. o gravitational waves, 2| cm, and
<— rule out new light relices . . .
to reheating Line-Intensity Mapping.

test dark energy to 1% over
<—— the dynamically relevant
redshift range

<— rule out new light relics
to QCD phase transition

explsre adsicg{;'nifca nt portion of Marcelle Soares-Santos
uncharted discovery space Th
ursday
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CF7 Report

GW170817 Cosmic Explorer
Advanced LIGO Start | Einstein Telescope
GW150914 W LIGO post-O5 upgrades / Voyager

2018 2022 2024 2026 2028 2032 2036 2038 2040 2042

LISA (Laser Interferometer Space Antenna)
—_—r 17 ]

CF7 Report
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CFl Report

ADMX G2 q
® Best Result (90% CL Limit)

Sensitivity Goal DMNI #1 }

ADMX-EFR, DMRadio-m3

Common Facility

DMNI #2
Axions

’ Definitive Axion
Measurement

)

DMINI #1 #
Scalar/Vector

Cross Section [cm?]

neutrino fog (1 event) 2023 2025 2028 2030 2033 2035 2040

CF2 Report

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
Year
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Pursue the physics

associated with neutrino
mass.

(You thought | was going to start with dark
matter, didn’t you...?)

NOVA 2020 (90%) _ _ _
T2K 2020 (90%) Indirect information about CNB from cosmology

SuperK 2018 (900/0) Yvonne Wong, Snowmass Neutrino colloquium

- MINOS 2020 (90%) ;
DeepCore 3 yr 2018 (90%) Cosmological observables... + Supernova la, local Hy, etc.
lceCube Upgrade 3 yr sensitivity (90%)
Light element abundances from Cosmic microwave background Large-scale matter distribution
primordial nucleosynthesis anisotropies K
. ate Scholberg,

Friday

IlceCube Work in Progress

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

in2 m, < 0.12 eV (95% CL
SN (623) Remarkably 2,y ( )
consistent with Aghanim et al. [Planck] 2021
Nege = 2.99 + 0.34 (95% CL) Standard Model
Aghanim et al. [Planck] 2021 prediction Ny =~ 3 | At face value a factor of 30 tighter than current

lab bound from KATRIN, Y. m <2.4 eV (0% c.L)

Aker et al. [KATRIN
2022 - -

Cosmic Frontier observations offer unique and important perspectives on the parameters
describing neutrino masses which can inform terrestrial searches.



Identify the new physics

of dark matter.

Dark Matter Annihilation into Quarks and Gauge Bosons
XX — bl_): xxX = WTW -

existing bounds

Current Sensitivity

Delve deep, search wide!

future

Near Term
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The Cosmic Frontier is required
to verify that any candidate new
physics we discover is actually
making up the dark matter we
see.
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Understand cosmic
acceleration: dark energy
and inflation.

Precision cosmology

The discovery of dark energy led to a precision measurement program to

understand its physics. Search Wide’ aim h|gh’

LSST DESC Projection

DES Collaboration (arXi\%:2207.05766) |
: Stage I11

3X21§t Y10
LSST all+Stage III

CMB-S4
Stage 3
BK15/Planck+BAO

arXiv:1809.01669

Awg i Ve | $? 47<N,<57
..; ‘_:__":,_,' t:? “‘ M= SMP N'z 57
DES Collaboration, PRD 105, 043512 (2022) Marcelle Soares-santos, M =2Mp =57

Planck 2018: TT+EE+TE Thursday ; M= IMp N.,=57

—— DES Y3 3x2pt + DES SN .
DES Y3 3x2pt + DES SN + DES Y3 BAO | M = Mpl/2 N.=57

N.=57
N.=50

0955 0960 0965 0970 0975 0980 0985 0990 0995 1.00

g

The Cosmic Frontier offers uniqgue handles on the physics of
inflation and to search for ultra-weakly interacting particles.

Hy [km s~ 'Mpc™]



Explore the unknown: new
particles, interactions,
and physical principles.

Center-of-mass energy /s [GeV]
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IceCube tracks (avg, v + ) IceCube-Gen2 Radio (10 yr, projected)

(IceCube 17) Using cosmogenic v flux,
IceCube showers (avg, v+ 7) fit to TA UHECRs (Bergman & van Vliet)

(Bustamante & Connolly 17) Using IceCube vy, flux (9.5 yr),

IceCube HESE (avg. v + 7) extrapolated to UHE
(IceCube 20) Using cosmogenic flux
from all AGN (Rodrigues et al.)

=~ VN DIS prediction b.f. + 1 (BGR18)
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Use the Higgs boson as a
new tool for discovery.

Higgs in Space!

C. B. Jackson?, Géraldine Servant’, Gabe Shaughnessy®*,
Tim M.P. Tait*“? and Marco Taoso "¢

* Argonne National Laboratory, Argonne, IL 60459, USA
"CERN Physics Department, Theory Division, CH-1211 Geneva 23, Switzerland
“Northwestern University, 2145 Sheridan Road, FEvanston, IL 60208, USA
9 Department of Physics and Astronomy, University of California, Irvine, CA 92697. USA
¢IFIC (CSIC-Universitat de Valéncia), Ed.Instituts, Apt. 22085, 46071 Valencia, Spain

jackson@hep.anl.gov, geraldine.servant@cern.ch, ttait@uci.edu,
g-shaughnessy@northwestern.edu, marco.taoso@ific.uv.es
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The Higgs may not be the ‘go to’ tool for disovery in the
Cosmic Frontier, but it has its important role to play!

Higgs inflation

Javier Rubio

Institut fiir Theoretische Physik, Ruprecht-Karls-Universitdt Heidelberg,
Philosophenweg 16, 69120 Heidelberg, Germany

Abstract

The properties of the recently discovered Higgs boson together with the absence of new physics
at collider experiments allows us to speculate about consistently extending the Standard Model of
particle physics all the way up to the Planck scale. In this context, the Standard Model Higgs non-
minimally coupled to gravity could be responsible for the symmetry properties of the Universe at
large scales and for the generation of the primordial spectrum of curvature perturbations seeding
structure formation. We overview the minimalistic Higgs inflation scenario, its predictions, open
issues and extensions and discuss its interplay with the possible metastability of the Standard
Model vacuum.




Delve Deep. Search Wide. Aim High.

The Cosmic Frontier contributes unique opportunities
to the pursuit of the 2014 science drivers.

It has strong synergies with the Energy, Neutrino, and Rare Processes Frontiers,
benefits from essential connections with the Theory, Computational,
Instrumentation, and Underground Facilities Frontiers, and offers interesting
opportunities for the Community Engagement Frontier.



Drrk MATTER DARK ENERGY
INFLATION NEUTRINOS
EXPLORING THE UNKNOWN




THANK YOU

(In particular to my CF coconveners and topical working
group leaders, liaisons and contributors. The success of CF
at Showmass 2021 would have been impossible without you!)



